The effects of radiation on neurons are incompletely characterized. We evaluated changes in the expression of neuronal nuclear and other proteins in the mouse hippocampus after 17-Gy whole-brain irradiation. Expression of neuronal nuclei (NeuN), neuron-specific enolas, prospero-related homeobox 1 (Prox1), calbindin D28k, and synaptophysin 1 in the CA1, CA3, and dentate gyrus of the hippocampus was determined by immunohistochemistry; neuronal numbers were estimated by design-based stereology. At 7 days after irradiation, there was a marked reduction of NeuN + neurons in CA3. Stereologic estimates confirmed a significant reduction in NeuN + neurons in CA3 at 7 days, in the dentate gyrus at 7 days, 3 weeks and 2 months, and in CA1 at 2 months compared with controls; neuron-specific enolase and prospero-related homeobox 1Ypositive neurons in the CA3 subregion were also decreased at 7 days. The numbers of granule and pyramidal cells identified by 4 ¶6-diamidino-2-phenylindole nuclear staining, however, remained unchanged, and there were no changes in calbindin D28k or synaptophysin 1 immunoreactivity after irradiation. We conclude that irradiation may result in a temporary loss of neuronal protein expression in mouse hippocampus. These changes do not necessarily indicate loss of neurons and indicate the need for caution regarding the use of phenotypic markers such as NeuN to estimate changes in neuronal numbers after irradiation.
INTRODUCTION
Radiation therapy is widely used for primary and metastatic brain tumors, central nervous system (CNS) involvement of leukemia/lymphoma, and head and neck cancers. Cranial irradiation may, however, result in debilitating cognitive deficits. The underlying mechanisms of such injury are not well understood. Because adult CNS neurons are postmitotic, they have been regarded as not having a primary role in the pathogenesis of radiation injury (1) . Ionizing radiation is known to affect the entire process of adult neurogenesis (2) and results in acute apoptosis of neural progenitors (3, 4) and late inhibition of neurogenesis in the subventricular zone and dentate gyrus (DG) of the hippocampus (5, 6) . However, the functional implications of this inhibition have remained controversial (7Y9).
As in many cellular neuroscience studies, recent radiobiologic studies involve the use of phenotypic markers to differentiate neurons from glia and other cells (10) . One phenotypic marker, neuronal nuclei (NeuN), has been used extensively to identify neurons. The antibody against this soluble nuclear protein detects a band at 46 to 48 kDa on Western blots (11) . Immature neurons are not immunoreactive for NeuN (12) . On the other hand, NeuN immunoreactivity (IR) decreases under several pathologic conditions such as cerebral ischemia and trauma (13, 14) . Although NeuN has been used routinely to determine changes in neuronal populations after irradiation, whether irradiation induces changes in NeuN expression remains unknown (15) . We hypothesize that the identification of neuron loss due to loss of NeuN might lead to erroneous conclusions regarding neuron fates after CNS damage.
In this study, we determined the expression of NeuN in the mouse hippocampus after whole-brain irradiation. In parallel, we determined the expression of other neuronal proteins, namely, neuron-specific enolase (NSE), prospero-related homeobox 1 (Prox1), synaptophysin 1, and calbindin D28k in mouse hippocampus.
MATERIALS AND METHODS

Animals
Ten-week-old male C57BL/129S mice were used. The animals were fed a standard rodent diet and given water ad libitum in the animal facility of Sunnybrook Health Sciences Centre. All animal protocols were approved by the institutional animal care committee, and experiments were performed according to the guidelines set by the Canadian Council on Animal Care.
Histology and Immunohistochemistry
Control and irradiated animals were killed at 3 days, 7 days, 3 weeks, and 2 months after irradiation. Under anesthesia with ketamine and xylazine, the mice were perfused with 0.9% saline, followed by 4% paraformaldehyde. The brains were removed, postfixed overnight, and cryoprotected in 30% sucrose. Each brain was sectioned serially in the coronal plane using a sliding microtome at 40 Km throughout the entire hippocampal formation. Sections were collected into tissue collection solution and stored at j20-C until processing.
Immunohistochemistry was performed using the following primary antibodies: mouse anti-NeuN monoclonal antibody (Chemicon, Temecula, CA), rabbit anti-NSE antibody (Biomol, Plymouth Meeting, PA), rabbit anti-Prox1 polyclonal antibody (Abcam, Cambridge, MA), rabbit anticalbindin D28k polyclonal antibody (Chemicon), and mouse anti-synaptophysin 1 monoclonal antibody (Synaptic System, Göettingen, Germany).
For NeuN immunohistochemistry, sections were rinsed in phosphate-buffered saline (PBS) and incubated with the anti-NeuN antibody at 1:500 in 2% normal goat serum in PBS at room temperature (RT) for 1 hour. The sections then were treated with biotinylated goat anti-mouse secondary antibody (Vector laboratories, Burlingame, CA) at 1:300 in PBS at RT for 1 hour and visualized with 3,3 ¶-diaminobenzidine (Vector Laboratories). Finally, sections were washed, mounted with Crystal/Mount media (Biomeda, Foster City, CA), and coverslipped.
For dual NSE/NeuN immunohistochemistry, sections were incubated with anti-NSE antibody at 1:1000 in 2% normal rabbit serum in PBS at 4-C overnight and incubated with a secondary antibody (Jackson ImmunoResearch, West Grove, PA) conjugated to Cy2 at 1:50 in PBS. The sections were then washed in PBS, incubated with anti-NeuN antibody at 1:500 in 2% normal rabbit serum in PBS at 4-C overnight, and incubated with a secondary antibody (Jackson ImmunoResearch) conjugated to Cy3 at 1:200 in PBS. After washing in PBS, sections were counterstained with 4 ¶6-diamidino-2-phenylindole (DAPI) to identify nuclei.
For Prox1 immunohistochemistry, sections were incubated with anti-Prox1 antibody at 1:2500 in 2% normal rabbit serum in PBS at 4-C overnight and incubated with a secondary antibody conjugated to Cy3 at 1:200 in PBS. For Prox1/NeuN dual immunofluorescent staining, this was followed by immunohistochemistry for NeuN as previously described. After washing in PBS, sections were counterstained with DAPI.
For dual calbindin D28k/NeuN and synaptophysin-1/ NeuN immunohistochemistry, sections were incubated with anti-calbindin D28k antibody at 1:1000 or antiYsynaptophysin 1 antibody at 1:1000 in 10% normal donkey serum in PBS at 4-C overnight. After washing in PBS, the sections were incubated with a donkey anti-rabbit secondary antibody conjugated to Cy3 for calbindin D28k or a donkey anti-mouse secondary antibody conjugated to Cy3 for synaptophysin-1 at 1:300 in PBS. The sections were incubated with anti-NeuN antibody at 1:100 in 2% normal rabbit serum in PBS at 4-C overnight and incubated with a secondary antibody conjugated to Cy2 at 1:200 in PBS. The sections were counterstained with DAPI and mounted with anti-folding solution and coverslipped.
For cresyl-violet (Nissl) staining, sections were mounted on slides, air-dried overnight at RT, and stained with Nissl solution. The Nissl solution was prepared with 1 g cresyl-violet acetate (Sigma, St. Louis, MO) in 400 mL of distilled water (pH 4.0) (18) . Mounted sections were soaked in 100%, 90%, and 70% alcohol sequentially for 5 minutes at RT, rinsed in distilled water, and placed in the Nissl solution for 10 minutes. After rinsing with distilled water and dehydration through a similar series of alcohol solutions (70%, 90%, and 100% each for 1 minute), slides were placed in xylene and coverslipped using xylene-based mounting media (Richard-Allan Scientific, Kalamazoo, MI). Colocalization of NeuN/NSE and NeuN/Prox1 in granule and pyramidal cells was analyzed using a confocal laser scanning microscope (Zeiss LSM 510; Oberkochen, Germany).
Stereologic Analysis
Cell counting was performed with a Zeiss Imager M1 microscope using Stereo Investigator (MBF Bioscience, Williston, VT) with the observer blinded to the treatment. Neuronal nucleiYpositive, NSE + cells, and DAPI-stained nuclei were counted within the granular cell layer of the DG and the pyramidal layer of the CA1 and CA3 subregions. Every seventh section was used as the periodicity of sections sampled. The hippocampal subregions were delineated as previously described (18) . Briefly, the DG granular layer is easily recognized due to intense staining and because it is not contiguous with the other hippocampal subregions. The CA3 pyramidal layer is distinguished from the CA1 pyramidal layer based on the larger NeuN in CA3 compared with those in CA1. The borders were defined in each section, and cells were quantified in counting frames that were distributed in a systematically random manner by the software (15) . Sampling grid sizes of 120 Â 120, 150 Â 150, and 180 Â 180 Km at a magnification of 63Â were used to count cells in the CA1, CA3, and DG subregions, respectively. A counting frame of 20 Â 20 Km, dissector height of 15 Km, and guard zone of 7.5 Km were used. Before cell counting, all sections were reviewed to ensure completeness of immunostaining throughout the entire thickness. The estimated number of target cells represented the mean number of cells in the left and right hippocampus in a minimum of 3 animals. The coefficient of errors was between 0.04 and 0.06 for all stereologic studies.
The volumes of the granule cell layer of the DG and the pyramidal cell layer of CA1 and CA3 subregions were estimated based on NeuN immunohistochemistry with 3,3 ¶-diaminobenzidine staining and calculated using the Stereo Investigator software for each subregion. All images were captured using identical microscope setting, and background correction was performed for every image.
Statistical Analysis
There was a minimum of 3 mice per dose and time point. All data represent the mean T SEM. Statistical significance was performed using Student t-test and MannWhitney U test with the Dunnett posttest using GraphPad Prism 4 (GraphPad Software, San Diego, CA). Data were considered statistically significant at p G 0.05.
RESULTS
There was a dramatic loss of NeuN + cells in the CA3 pyramidal layer of the hippocampus at 7 days, but not at 3 days, 3 weeks, or 2 months after a single dose of 17 Gy (Figs. 1AYE) . With the exception of loss of NeuN + pyramidal cells, no other apparent histologic changes were observed.
Stereologic estimates confirmed a significant reduction in numbers of NeuN + neurons in the CA3 subregion compared with controls (Fig. 1G) . There was also a significant reduction in numbers of NeuN + cells in the DG subregion at 7 days, 3 weeks, and 2 months (Fig. 1H) , and in the CA1 at 2 months after 17 Gy (Fig. 1F) . In the CA1, CA3, and DG subregions combined, the total number of NeuN + cells was significantly decreased only at 7 days after 17 Gy.
Because the most impressive loss of NeuN IR was observed at 7 days, this time point was chosen to determine if there was a radiation dose-dependent response (Figs. 2AYD) . Compared with nonirradiated controls (Fig. 2A) , no apparent loss of NeuN + neurons was observed after a dose of 2 (Fig. 2B ) or 8 Gy (Fig. 2C) . Stereologic estimates showed a decrease in NeuN + neurons in DG and CA3 after 17 Gy only. There was no significant reduction in numbers of NeuN + cells after the lower doses compared with nonirradiated controls (Fig. 2E) .
To determine whether loss of NeuN + cells represented actual loss of neurons or neurons that had simply lost NeuN, sections were processed for Nissl staining. There was no apparent change in the staining of neurons in the hippocampus after irradiation compared with controls (Figs. 3F, G) .
To confirm that loss of NeuN + cells was related to loss of NeuN in granule and pyramidal cells rather than neuronal loss, dual NeuN immunofluorescent staining was performed with NSE. At 7 days after 17 Gy, many DAPI-stained nuclei of pyramidal cells in CA3 did not demonstrate NeuN IR (Figs. 3AYD) . Similarly, there was a reduction in numbers of NSE + neurons in the CA3 subregion at (Figs. 3E, F) , whereas there was no apparent difference in DAPI-stained pyramidal cells compared with control (Figs. 3B, D) . Some cells that lost for NeuN retained NSE IR (Figs. 3GYJ) To determine whether the expression of other neuronal proteins was affected after irradiation, Prox1 immunohistochemistry was performed. Loss of Prox1 in the hippocampus was observed in a pattern similar to that of NeuN and NSE after irradiation. There was an obvious decrease in Prox1 + pyramidal cells in the CA3 subregion at 7 days after 17 Gy compared with controls (Figs. 4AYF) (Figs. 4KYN) . To investigate whether the loss of NeuN in CA3 neurons could be associated with changes at mossy fiberYCA3 synapses with DG neurons, immunohistochemistry for calbindin D28k and synaptophysin 1 was performed. We observed calbindin D28k IR in mossy fibers of CA3 and granule cells of DG, as previously described (19) . Synaptophysin 1 staining showed a profile in the hippocampus, including staining in the stratum lucidum of CA3, also as previously described (20) . There was no discernible change in calbindin D28k IR (Figs. 4OYT) or synaptophysin 1 IR (Figs. 4UYZ) at 7 days after irradiation.
Consistent with the lack of neuronal loss (with the exception of the smaller volume of the DG at 7 days after 17 Gy compared with controls), no difference was observed in any of the volumes of the hippocampal subregions after 17 Gy at the 4 time points compared with controls (Table) .
DISCUSSION
We demonstrate that irradiation induced loss of NeuN IR and IR of other neuronal phenotypic markers in mouse hippocampus. Neuronal nuclei is a highly conserved nuclear protein. In the adult CNS, its expression is localized to the nuclei of postmitotic neurons, although certain neurons such as cerebellar Purkinje neurons are not NeuN + . We observed a significant reduction in numbers of NeuN + neurons in the CA1, CA3, and DG subregions after moderate doses of whole-brain irradiation. There was, however, no alteration in the number of granule or pyramidal cells based on DAPI staining at any of the corresponding time points. There were also no apparent changes in Nissl staining. Because it is difficult to count Nissl-stained neurons, we did not estimate changes in numbers of Nissl + neurons. Loss of NeuN has been observed after certain neurologic insults, including axotomy and ischemia (13, 14) . The reduction in NeuN has been considered as evidence for neuronal damage, and, hence, a surrogate marker of neuronal injury (21) . An injured but still viable neuron may lose NeuN protein due to inhibition of protein synthesis (22) . It has also been suggested NeuN loss could be due to loss of antigenicity (13, 14) . After ischemic insult, terminal transferase dUTP nick end labeling and caspase 3 + neurons retained NeuN IR; thus, dying neurons or neurons that are destined to die may not lose NeuN IR (14, 21) . Because enzymatic dephosphorylation abolishes NeuN IR, NeuN IR may depend on the phosphorylation state of the protein (23), and irradiation is known to affect protein phosphorylation. In vitro, NeuN expression could be modulated by chronic depolarization, and NeuN expression may reflect the physiologic status of a postmitotic neurons (24) . Given the unknown functional role of NeuN, the biologic significance of NeuN loss after whole-brain irradiation remains speculative. After fractionated whole-brain irradiation to 12-month-old rats, the number of NeuN + cells in the hippocampus were reported to remain unchanged at 1 year (15) . In the present study, the loss of NeuN antigenicity seemed to recover by 3 weeks to 2 months after irradiation. In a rodent axotomy model, NeuN declined initially but returned by 28 days (13) .
Irradiation also induced loss of NSE and Prox1 IR in mouse hippocampus. Neuron-specific enolase is a general neuronal marker and has been widely used to identify neurons. For example, loss of NSE IR in gerbil brain was described after bilateral carotid occlusion, and this was associated with a corresponding increase in serum NSE (25) . In an autopsy series, loss of NSE IR in the human hippocampus was associated with morphologic evidence of neuronal damage (26) . Although the mechanism of loss of NSE IR remains unknown, NSE immunohistochemistry may be useful for evaluating neuronal damage after brain irradiation in future studies.
Prospero-related homeobox 1 is a homeobox gene related to the Drosophila gene prospero. It is an important transcription factor during embryogenesis and is expressed during prenatal and postnatal murine brain development. In the adult brain, Prox1 expression remains in the hippocampus and cerebellum (27, 28) , and it has been used as a phenotypic marker for hippocampal neurons (29) . Whether Prox1 expression is lost in association with neuronal injury has not been previously studied. We observed that the histologic pattern of loss of Prox1 in mouse hippocampus after wholebrain irradiation was similar to that of NeuN and NSE.
Mossy fibers (axons) from DG neurons project to the CA3 region forming synapses with the dendrites of CA3 pyramidal neurons. Calbindin D28k is a calcium-binding protein highly expressed in granule cells of the DG and mossy fibers, whereas synaptophysin 1 is abundantly localized in the presynaptic mossy fiber boutons (19, 20, 30) . Although the function of calbindin D28k in brain is not completely understood, it may play a neuroprotective role. For example, calbindin D28K IR granule cells seemed to be protected from ischemic insults (31) . In contrast, pyramidal neurons of the CA3 subregion, which lack calbindin D28k, were found to be particularly vulnerable to severe seizure activity (32) , and kainate administration resulted in calbindin D28k expression in astrocytes (33) . Here, we observed no apparent change in calbindin D28k or synaptophysin 1 in the mouse hippocampus after irradiation. A recent study also reported no apparent change in synaptophysin 1 level in 12-month-old rats 1 year after fractionated whole brain irradiation to 45 Gy, a dose associated with impaired water maze performance (34) . In a rat radiosurgery model using proton irradiation, however, doses of 90 cobalt-Gy equivalents or higher resulted in increased calbindin D28k IR in the granular cell inner molecular layers of the irradiated hippocampus (35) .
Whether different subregions of the hippocampus have differential radiation sensitivity remains unknown. Although loss of neuronal protein was most apparent visually in the CA3 subregion, stereologic analysis revealed loss of NeuN + and NSE + cells in all 3 subregions after irradiation. After prenatal irradiation, pyramidal cells in the CA3 subregion are more susceptible than those in the CA1 subregion; even very low doses prevented the development of mossy fiberYCA3 pyramidal cell connection (36) .
There is now a large body of data on the effect of ionizing radiation in the entire process of neurogenesis in the adult brain (2) . In the hippocampus, neurogenesis is principally limited to the subgranular zone of the dentate gyrus in the adult brain. Here, loss of neuronal protein expression was temporary and was observed in all 3 subregions. This suggests that this phenomenon is unlikely directly related to the late inhibition of neurogenesis after ionizing radiation.
In summary, ionizing radiation may result in temporary loss of expression of NeuN and other neuronal proteins, namely, NSE and Prox1 in the hippocampus. This is not associated with any apparent change in the markers of axons and dendrites, calbindin D28k, and synaptophysin 1. In view of the increasing reliance on NeuN as a neuronal marker, the finding that expression for NeuN may be altered after diverse neurologic insults, including irradiation, the use of NeuN as a single phenotypic marker in certain neuropathologic conditions, including radiation injury, may lead to erroneous conclusions regarding neuronal cell fate. This raises caution regarding the use of NeuN alone as a phenotypic marker for quantifying changes in neuronal cell populations in pathologic conditions.
